INTRODUCTION
Small GTPases of the Ras family are central nodes in early signal transduction networks that actuate a plethora of cellular processes relevant to proliferation and survival. The high penetrance of activating Ras mutations in human malignancies highlights the oncogenic potential of Ras GTPases. They feature a highly conserved N-terminal guanine-nucleotide binding G-domain that is responsible for catalytic hydrolysis and effector binding (Scheffzek et al., 1997 ) that becomes GTP loaded by guanine nucleotide exchange factors in response to upstream signals such as those from growth factor receptors situated in the PM. GTP-loaded Ras interacts specifically with effector proteins, thereby recruiting them to the PM. The resulting increase in effector concentration potentiates their phosphorylation, which in turn activates the effectors to propagate the signal (Zamir et al., 2013) . The level of Ras enrichment at the PM is therefore a critical parameter for Ras-mediated signaling that can be exploited to affect aberrant oncogenic signaling (Chandra et al., 2012; Cho et al., 2012; Dekker et al., 2010; Zimmermann et al., 2013) .
Enrichment of Ras proteins on the PM is partly attributed to aspecific hydrophobic interactions via permanent C-terminal farnesylation. How this enrichment can be attained in presence of the abundant and densely folded endomembrane (EM) surfaces (Shibata et al., 2010 ) is unclear. In contrast to transmembrane proteins that are stably incorporated into membranes, the farnesyl tail of Ras proteins confers a much weaker membrane anchoring. Ras proteins thereby exhibit an exchange rate between membranes on a minute timescale (Leventis and Silvius, 1998; Silvius et al., 2006; Silvius and l'Heureux, 1994) . For Hand NRas, a dynamic acylation cycle consisting of S-palmitoylation at the Golgi and depalmitoylation at all membranes in the cell, counters the entropic tendency of the system to slowly reequilibrate palmitoylated Ras to the extensive endomembrane surface area (Dekker et al., 2010; Rocks et al., 2010) In contrast to this dynamic process, the specific localization of KRas on the PM is thought to be static and has been attributed to an electrostatic interaction between a polybasic stretch in its hypervariable region (HVR) and negatively charged phospholipids in the inner leaflet of the PM (Hancock et al., 1990; Yeung et al., 2008) . However, it has been recently shown that the activity of the GDI-like solubilizing factor (GSF) PDEd is also essential for the PM localization of farnesylated Ras proteins (Chandra et al., 2012) . The paradox of a solubilizing activity contributing to PM enrichment points to the existence of a dynamic mechanism that maintains an out-of-equilibrium distribution of KRas at the PM.
To explore the mechanisms that maintain KRas at the PM, we extract kinetic parameters such as protein mobility and affinities to subcellular membrane compartments from fluorescence microscopy experiments in live cells. The ranges of such parameters span orders of magnitude: cytosolic diffusion occurs at $10 mm 2 /s, membrane diffusion at $1 mm 2 /s (Colarusso and Spring, 2002; Dayel et al., 1999) and compartmental exchange rates can be even slower on the timescale of minutes to hours (Leventis and Silvius, 1998) . Disentangling these processes does not only pose a challenge to experimental design, but also to data-analysis via analytical models in simplified geometries. To overcome these limitations, we based our data fitting on cellular automaton (CA) 3D-reaction-diffusion simulations (Markus et al., 1999; Toffoli and Margolus, 1987; Von Neumann, 1966 ) that are performed in measured cellular geometries. Besides measuring kinetic parameters by fitting data obtained from photoactivation fluorescence microscopy experiments, these in silico models serve a second purpose. The CA simulations were also used to incorporate the observations from different experimental approaches into a coherent picture of a dynamic cycle that counters thermodynamic equilibration of KRas to endomembranes. We thereby show that the RE collects solubilized KRas from endomembranes to redirect it back to the PM.
RESULTS

KRas Partitions to Endomembranes at Thermodynamic Equilibrium
Without competitive binding to endomembranes due to farnesylderived hydrophobicity, KRas partitioning would be exclusively between cytosol and the negatively charged PM and could result in a prominent enrichment at the PM by strong electrostatic interaction. We therefore quantified the localization of the nonfarnesylated KRasSAAX mutant with an intact polybasic stretch and found homogeneous cytosolic localization with no detectable membrane localization ( Figure 1A ). The fact that the polybasic stretch of KRas by itself is insufficient to enrich it at the PM suggests that only the combination of hydrophobic interaction via the farnesyl tail and electrostatic interaction enables enrichment at the PM. However, adding hydrophobic affinity comes at the price of competitive binding to endomembranes as their total surface area becomes a limiting factor for enrichment of KRas at the PM.
The hydrophobicity conferred by farnesylation allows association of KRas to all cellular membranes. In the absence of energy-consuming processes that maintain an asymmetric partition of KRas, association rates of KRas to the PM as well as to endomembranes balance their respective dissociation rates at thermodynamic equilibrium. In this scenario, the ratios of association (k as ) over dissociation (k dis ) rate constants and the ratio of total membrane surface area S of plasma membrane (PM) over endomembranes (EM) determine the concentration of KRas at the PM:
For solely farnesylated, uncharged Ras, the association and dissociation rate constants are identical for PM and endomembranes and therefore its partitioning will solely depend on the relative surface ratios of PM over endomembranes. To determine this surface ratio experimentally, the relative fluorescence intensity of mutant mCitrine-HRasC181S,C184S on endomembranes was compared to that in a lamellipodial PM region. This yielded an EM/PM ratio of 201 ± 60 ( Figure 1B and Figure S1 , available online, Supplemental Information), which compares well with the theoretical upper limit of 320-fold for a densely packed endomembrane system (Shibata et al., 2010) (Supplemental Information) .
Fluorescence correlation spectroscopy (FCS) measurements of mCitrine-KRas in the cytoplasm yielded two discernable correlation times, revealing its interaction with endomembranes (Figure 1C) . Fitting the autocorrelation of fluorescence fluctuations to a model with two diffusion coefficients resulted in 0.38 mm 2 /s and 24 mm 2 /s, consistent with diffusion on a membrane (Knight et al., 2010; Ziemba and Falke, 2013) and cytosolic diffusion (Dayel et al., 1999) , respectively. This cytosolic fraction communicates the exchange and equilibration of KRas among endomembranes and the PM. From the fractional contribution of these diffusional processes in the cytoplasm, KRas partitioning between endomembranes and cytosol was estimated as $2:1 (Experimental Procedures). In contrast, the ratio of PM-bound KRas over cytosolic KRas was $10:1, as estimated by comparing the fluorescence intensity of mCitrine-KRas in the nucleus with that at the PM. Since the association rate constant of KRas to all membranes must be equal, a 10-fold PM enrichment can only occur if the dissociation rate constant of KRas from the PM is 200*10/2 = 1,000-fold smaller than that from endomembranes.
Dissociation and Endocytosis Limit the Residence Time of KRas at the PM
To address whether an exchange of KRas between PM and endomembranes occurs, a fluorescence loss after photoactivation (FLAP) experiment of photoactivatable PAGFP-KRas (Patterson and Lippincott-Schwartz, 2002 ) was performed. To derive the residence time of KRas at the basal PM, photoactivation was restricted by total internal reflection fluorescence microscopy (TIRFM). The loss of fluorescence in the evanescent TIRF-field after photoactivation is not only determined by dissociation and diffusion, but also by fluorophore photophysics and the geometry of the cell. To extract parameter values for all these processes, we developed a CA-based numerical 3D-reactiondiffusion-simulation in realistic cell geometries. It reproduces the FLAP experiments in silico and is fast enough for iterative data fitting by minimizing the residuals between simulated and experimental FLAP curves (Figure 2A) .
A basic FLAP experiment with a single photoactivation pulse showed that the loss of fluorescence from the basal PM is dominated by rapid lateral diffusion and photobleaching, which hinders the detection of KRas dissociation from the PM. To observe this dissociation with high precision, we developed a multipulse photoactivation experiment, in which rapid lateral diffusion of PAGFPKRas saturates the fluorescence of the whole PM during the initial phase of the time-lapse, while the slow off rate from the PM dominates the later phase ( Figure 2A ). This multipulse photoactivation and fluorescence recording pattern was directly fitted with the CA-based algorithm. We obtained a lateral diffusion coefficient of 1.00 ± 0.15 mm 2 /s, in agreement with previously reported values for peripheral membrane proteins (Knight et al., 2010; Ziemba and Falke, 2013) and found that KRas has a finite residence time of 7.4 min (k off = 0.135 ± 0.036 min À1 ; Figure 2B ) at the PM.
This residence time depends on the combination of hydrophobic and electrostatic interaction. To investigate how electrostatics affects the dissociation of KRas from the PM ( Figure 2B , Table S1 ), we introduced repulsive, negatively charged glutamates in the polybasic stretch. This mimics the electrostatic switch that occurs by serine phosphorylation in the polybasic stretch (Bivona et al., 2006) . KRas9K1E showed an increase in apparent off rates by 86% compared to wild-type KRas, which was further increased to 146% upon introduction of a second negative charge in the KRas9K2E mutant ( Figure 2B ). Introducing more than two glutamates in the HVR reduced the affinity for the PM to such a degree that no enrichment could be observed. These results underscore that even though electrostatic interaction alone is not sufficient to generate KRas enrichment at the PM, this interaction is essential to maintain KRas at the PM by enhancing its residence time. Increasing the positive charge of the polybasic stretch by cumulative introduction of lysines (Table S1 ) conversely strengthens this interaction (Figure 2B) . However, one additional lysine (KRas10K) was sufficient to lower the apparent k off to an asymptotic value of 0.115 ± 0.020 min À1 . This indicates that a polybasic stretch of 10 or more lysines confers a PM affinity that is strong enough for dissociation to be superseded in removing KRas from the PM by another process. To assess whether fission processes such as endocytosis contribute to this apparent k off , we blocked dynamin-mediated endocytosis with dynasore (Macia et al., 2006) and observed a 26% decrease in k off ( Figure 2C ) to a value of 0.098 ± 0.032 min À1 . KRas13K that has four additional lysines showed (B) A confocal micrograph shows that mCitrine-HRasC181S,C184S aspecifically stains membranes, revealing the extensive reticulate endomembrane system in an MDCK cell. From the fluorescence distribution in different regions of the cell (insets) the ratio of endomembrane to PM-surface area was estimated to be 201 ± 60 (Supplemental Information, Figure S1 ). (C) Autocorrelation curves from fluorescence correlation spectroscopy of mCitrine-KRas in the endomembrane packed cytoplasm (blue points) and membrane sparse nucleus (green points). Global fit of the combined data (n = 3 cells with each 2 nuclear and 3 cytoplasmic measurements) to a two-component diffusion model (green and blue lines). D 1 and D 2 represent the diffusion coefficient of cytosolic and membrane-bound KRas, respectively. F represents the fraction of cytosolic KRas. Scale bars, 10 mm.
an even lower apparent off rate of 0.081 ± 0.023 min À1 upon treatment with dynasore. Both values are an underestimation of the contribution of endocytosis to k off because dynamin-dependent endocytosis is not the only form of PM vesiculation (Grant and Donaldson, 2009 ). However, the asymptotic off rate, which is reached upon extending the polybasic stretch, represents the cumulative rate constant of all PM-vesiculation processes that remove KRas from the PM. Subtracting this cumulative rate constant from the apparent k off of wild-type KRas results in the rate of dissociation from the PM as k dis,PM = 0.020 min À1 ($40 min, red arrow in Figure 2C ). This shows that endocytosis removes KRas from the PM at a five times faster rate than dissociation. (Table S1) Without endocytosis, KRas partitioning is determined by the ratio of association over dissociation at PM and endomembranes, respectively (black line). Inset images represent the steady-state KRas distribution for k dis,PM = 10 À3 min À1 without (top) and with endocytosis (bottom) and for experimentally determined k dis,PM without endocytosis (middle).
(E) CA simulation of KRas localization for a range of EM/PM surface area ratios (black markers) for the experimentally determined parameters, which can be combined to calculate partitioning (black line). For this theoretical curve, summing k endo and k off,PM results in an effective PM-dissociation rate constant, and the sum of k on,EM and k endo corrected by a factor a gives an effective EM-association rate constant. a accounts for the EM/PM-surface area ratio and the cytosolic gradient between PM and EM voxels that is generated by out-of-equilibrium endocytosis. Red arrow indicates the experimentally determined EM/PM surface ratio. Scale bar, 10 mm. See also Figures S2 and S3.
The negative charge of vesicular membranes is diminished after endocytosis (McMahon and Gallop, 2005; Nir et al., 1983; Pomorski et al., 2004; Ravoo et al., 1999) , resulting in a concomitant increase of the dissociation rate ( Figure S2 ) and subsequent association of KRas to other endomembranes. Endocytosis has therefore the same effect as dissociation from the PM, namely to redistribute KRas across all endomembranes. If the rate of KRas internalization by PM vesiculation is independent of the KRas concentration at the PM (i.e., zero-order rate), such a redistribution can be countered by a much faster diffusional exploration of the cell that lets KRas re-encounter the high-affinity binding surface of the PM. However, photoactivation experiments with PAGFP-KRas13K, which has no measurable dissociation, cannot be fitted with models containing a zero-order k off ( Figure S3 ). Thus, endocytosis effectively negates the high-affinity, electrostatic interaction at the PM and the combined rate constants of PM dissociation and endocytosis determine PM-cytosol partitioning of KRas.
To resolve the global distribution of KRas in light of dissociation from the PM, endocytosis and competitive binding to endomembranes, we performed CA-based simulations of KRas in an in silico cell with a realistic representation of membrane surfaces (Experimental Procedures). The simulations were performed in a template 3D cell and used the kinetic parameters derived from the above experiments (Supplemental Information). The 200-fold higher surface area of endomembranes was simulated by a 13 times larger number of EM over PM voxels and an increased membrane density per voxel as represented by a 200/13 = 15 times larger k on,EM over k on,PM . From this simulation, we find that the experimentally determined dissociation rate, as well as its variation by orders of magnitude, cannot generate PM enrichment ( Figure 2D ). The PM over endomembrane partitioning is <1:1 for the experimentally determined values for membrane surface areas, dissociation rates, and endomembrane partitioning, even without endocytosis. This corresponds to the equilibrium condition where the rates of dissociation from membranes are balanced by the association rates ( Figure 2D , blue markers). Figure 2E illustrates the effect of reducing the ratio of endomembrane-to-PM surface area, where the observed 10:1 KRas partitioning can only be achieved for an unrealistically low 1:1 ratio of surface areas. Thus, the symmetry breaking feature of the negatively charged inner leaflet of the PM is by itself insufficient to generate PM enrichment of KRas. Aspecific membrane affinity of the farnesyl tail automatically introduces competitive binding to the extensive endomembrane system and thereby negates the advantage of increased membrane affinity.
PDEd Accelerates Equilibration by Passively Sequestering Soluble KRas siRNA-mediated knockdown of PDEd results in the redistribution of KRas to all endomembranes ( Figure 3A) , which shows that the solubilizing activity of PDEd is essential for enrichment of KRas at the PM (Chandra et al., 2012; Zimmermann et al., 2013) . In order to understand how KRas solubilization can contribute to PM enrichment, we investigated whether PDEd extracts KRas directly from membranes or whether it passively sequesters a cytosolic fraction of KRas that is in equilibrium with membranes. Since only in the first mechanism PDEd contributes to the apparent off rate, the dependence of the off rate of KRas on the expression levels of PDEd was determined ( Figure 3B , Supplemental Information). The analysis of TIRFM-FLAP curves using CA fitting showed no marked increase in the apparent k off for KRas upon ectopic expression of mCherry-PDEd (Figure 3C ). Since we showed that endocytosis is the major contributor to k off , we also analyzed the dependence of the off rate on PDEd levels for a KRas mutant that lacks two positive charges (PAGFP-KRas2Q). Also in this case, ectopic expression of mCherry-PDEd did not change the four times higher apparent k off ( Figure 3C ). On the other hand, the effective diffusion of KRas parameterized by D int was dependent on PDEd expression levels ( Figure 3C) , showing that PDEd-mediated solubilization helps KRas explore the cellular geometry at cytosolic diffusion speed. These experiments show that binding of KRas to PDEd is a passive sequestration in the cytoplasm of spontaneously dissociated KRas from any membrane.
Using the experimental values of diffusion and KRas endomembrane partitioning in CA simulations, we investigated whether solubilizing KRas by PDEd can increase the rate of KRas trapping at the PM, thereby reinstating enrichment (Figure 3D) . Solubilization depletes KRas from endomembranes more strongly than from the PM, but no set of parameters can be found to achieve the experimentally observed PM enrichment of KRas. Because no such enrichment is possible at thermodynamic equilibrium, this means that KRas must be maintained at the PM by an energy driven mechanism that involves PDEd.
Arl2-Mediated Release from PDEd Concentrates KRas on Perinuclear Membranes
A candidate mechanism for PDEd regulation is the interaction of the small GTPase Arl2 in the GTP-bound state with an allosteric site on PDEd. This interaction increases the dissociation rate of the KRas-PDEd complex approximately 10-fold and thereby can displace farnesylated Ras from PDEd (Ismail et al., 2011) . To first test whether Arl2 is essential for instating PM enrichment of KRas, it was knocked down by RNA-interference (Figures 4A and S4A ). This resulted in a drastic loss of KRas enrichment on the PM for ectopically expressed ( Figure 4A ) as well as endogenous ( Figure S4B ) KRas. Instead, ectopically expressed KRas was soluble, showing that Arl2 is essential to unload KRas from PDEd. The interaction of PDEd with KRas is neither dependent on its polybasic stretch nor the G domain, as a similar solubilization was observed for KRas6Q that lacks six positive charges in the HVR and for tK-the truncated C-terminal HVR of KRas. Farnesylated but unpalmitoylatable HRasC181S,C184S ( Figure 4A ) is also completely solubilized by PDEd upon Arl2 downregulation, indicating that several farnesylated Ras family proteins are clients of the Arl2-PDEd system (Chandra et al., 2012) . This implies that farnesylated Ras has a substantially higher affinity to PDEd than to endomembranes.
We next assessed whether homogeneously distributed Arl2-GTP can generate PM enrichment of KRas by investigating the effect of expressing a constitutively active Arl2Q70L mutant on KRas localization. Instead, an Arl2Q70L expression-leveldependent reduction in KRas enrichment on the PM was observed ( Figure 4B ) that was not due to a change in the charge of the PM as reflected by its PIP2 levels ( Figure S5 ). Instead, ectopic expression of mTFP-Arl2Q70L increases the overall level of KRas dissociated from PDEd in the entire cytoplasm, resulting in KRas being effectively trapped away from the PM in the endomembrane system. Given that mCitrine-Arl2 and mTFPArl2Q70L exhibit a homogeneous, cytosolic distribution (Figure 4C) , these results imply that Arl2 guanine nucleotide exchange or its GTP hydrolysis reaction is locally regulated.
To identify the site of Arl2-GTP activity in the cell, the localization of the mCitrine-KRas6Q mutant was investigated. This mutant exhibits aspecific affinity to all membranes and its distribution is therefore solely determined by where Arl2-GTP unloads it from PDEd. mCitrine-KRas6Q exhibited an enhanced concentration in perinuclear membranes that dissipated within 12 min after treatment of cells with the PDEd inhibitor deltarasin (Zimmermann et al., 2013) ( Figure 4D ). Concomitantly, the PM localization of mCherry-KRas was also lost after deltarasin administration. As above, we confirmed that deltarasin treatment did not alter PIP 2 concentration at the PM ( Figure S5 ). This shows that KRas is concentrated on perinuclear membranes by localized Arl2-GTP mediated release from PDEd and that this process is linked to KRas enrichment at the PM. We therefore asked what happens to KRas molecules that are concentrated on perinuclear membranes by the Arl2-PDEd delivery system. Perinuclear KRas Is Trapped at the RE and Transported to the PM Confocal fluorescence micrographs of MDCK cells expressing mCitrine-KRas show that the RE as visualized by ectopic expression of mCherry-Rab11 overlaps substantially with the perinuclear membrane area in which KRas is enriched (Figure 5A ). The expression of Rab11 enhances the biogenesis of the RE (Peden et al., 2004 ) and the concomitant increase in the enrichment of KRas on the RE shows that it could be a trapping compartment for KRas that is released in the perinuclear area ( Figures 5A and 5B ). This is supported by the fact that the cytoplasmic leaflet of the RE is negatively charged, akin to the inner leaflet of the PM (Chen et al., 2010) and thereby presents a surface for electrostatic interactions with the polybasic stretch of KRas. shRNA-mediated knockdown of Rab11 or expression of (legend continued on next page) dominant negative Rab11DN both led to a reduction in KRas enrichment at the PM ( Figure 5B) , showing that the RE plays a critical role in maintaining PM enrichment of KRas. In order to test if the Arl2-GTP-mediated, localized release of KRas from PDEd in perinuclear membranes is necessary for its enrichment on the RE, the effect of ectopic Arl2Q70L expression on KRas trapping at the RE was measured by fluorescence recovery after photobleaching (FRAP) of mCitrine-KRas. The homogeneous activity of Arl2Q70L significantly reduced the extent but enhanced the speed of recovery ( Figure 5C ), without perturbing the vesicular flux through the RE ( Figure S6 ). This is consistent with a localized release of KRas on perinuclear membranes that encompass the RE. FLAP measurements of PAGFP-KRas on the RE showed rapid loss and concurrent appearance of fluorescence on the PM (Figure 5D ), which shows that PM enrichment of KRas is sustained by vesicular transport from the RE. To directly visualize trapping of solubilized KRas on the RE, the PAGFP-KRas9K2E mutant was photoactivated in the nucleus and its fluorescence distribution was tracked over time ( Figure 5E ). Within seconds after photoactivation, a clear accumulation of fluorescence could be observed on the RE before the accumulation of fluorescence on the PM, which shows that perinuclear release and electrostatic trapping at the RE precedes transport to the PM by vesicular transport.
In order to investigate the contribution of electrostatic interactions on the efficiency of KRas trapping, the RE-residence time of KRas mutants with reduced positive net charge was measured with FLAP ( Figure 6A ). Three processes can contribute to the FLAP decay curves: (1) dissociation from the RE membrane, (2) vesicular transport from the RE, and (3) free diffusion in the cytosolic space around the RE. Only dissociation depends on the net charge of the KRas polybasic stretch and is consequently the only parameter that changes for the three KRas variants. FLAP-experiments were therefore fitted with three decay processes linking the diffusion and vesicular transport time constants for all experiments ( Figure 6B ; Supplemental Information). These results show that KRas exits the RE predominantly through vesicular transport, leading to PM enrichment. However, reducing the positive charge in the HVR increases the rate of fluorescence loss from the RE due to spontaneous dissociation of KRas. Electrostatic interactions therefore stabilize the RE-binding of KRas and increase its residence time on RE membranes. A major function of the polybasic stretch is therefore to increase the residence time on the RE to allow vesicular transport to carry along sufficient KRas to generate PM enrichment.
DISCUSSION
KRas is asymmetrically distributed in cells with a strong enrichment on the PM despite the extensive endomembrane systems.
These endomembranes out-compete the PM for KRas binding based on the thermodynamics of spontaneous dissociation and association to these membranes. An additional nonequilibrium factor emerged from our experimental results exerting an even stronger negative impact on PM enrichment of KRas: the constitutive, endocytic vesiculation from the PM. The subsequent rapid dissociation of KRas from endosomes that lose negative charge as they internalize, creates a soluble KRas fraction that then re-equilibrates with all available membrane surfaces. In this work, we uncovered the energy driven mechanism that counters these thermodynamic redistribution processes of KRas, leading to its PM enrichment.
The CA-simulation approach can inform our understanding on how these processes change the steady-state partitioning of KRas in a virtual cell by reconstructing KRas localization dynamics step by step. By consecutively adding processes constrained by experimentally determined parameters, we visualize how the global steady-state KRas partitioning evolves in light of changing functionality that arise from molecular interactions ( Figure 7A ). As the initial condition, all KRas was equipartitioned among the four compartments (PM, EM, RE, cytosol), i.e., they all share the same association and dissociation rate. (Step 1) Introducing electrostatic affinity to the PM and endocytosis in accordance with k off -measurements from TIRFM-FLAP experiments leads to KRas partitioning that equilibrates to the dense endomembrane systems. This shows that electrostatic interaction of the HVR with the PM cannot generate KRas enrichment. ( Step 2) Introducing reversible binding of KRas to PDEd creates an additional, solubilized fraction. Increased diffusional exploration of membranes due to PDEd binding of KRas alone proves unable to establish PM enrichment and solely increases the cytosolic fraction. Since loss of KRas from the PM by endocytosis was determined to be a first-order rate process, the concentration dependence of this removal offsets any increase in PM enrichment due to PDEd-mediated enhanced diffusional encounter. (Step 3) Arl2-GTP-mediated release of PDEd-solubilized KRas in perinuclear membranes is introduced by an additional 10-fold increase in the dissociation rate of KRas from PDEd (Ismail et al., 2011) . ( Step 4) The perinuclear membranes include the RE as a high-density, negatively charged endomembrane surface that has a high affinity for KRas akin to the PM. Introducing the same k dis as for the PM creates a trap that collects KRas. (Step 5) Vesicles exiting the RE direct KRas to the PM. The first-order rate constant of this vectorial transport was measured by FLAP (0.3 min À1 ) and is sufficient to deplete KRas from the RE to create an out-of-equilibrium enrichment at the PM. The simulation also reproduces perturbations of the KRas cycle that affect KRas localization. Knockdown of Arl2 results in solubilization by PDEd, while the phosphomimicking mutant KRas9K1E, ectopic Arl2Q70L expression and inhibition of PDEd independently counter PM enrichment ( Figure 7B ). (legend continued on next page)
The features of this spatial cycle are congruent with the acylation cycle that concentrates palmitoylated Ras proteins on the PM (Chandra et al., 2012; Rocks et al., 2010) . In fact, the mechanism of PDEd-mediated solubilization, followed by Arl2-mediated, localized release is a general and constitutive mechanism to concentrate farnesylated Ras proteins on perinuclear membranes. While we identify the RE as the collector for KRas, Arl2-mediated release could be broadly distributed within the perinuclear membrane region and still lead to preferential accumulation of farnesylated Ras proteins on those organellar membranes that are capable of ''trapping'' them. For example, the negative charge on the RE membranes electrostatically traps KRas, whereas the Golgi traps H-/NRas by palmitoylation. Even the farnesylated mTor regulator Rheb that does not possess any additional localization features in the HVR, is concentrated by the perinuclear release mechanism on membranes proximal to the lysosomal compartment that is functionally relevant for mTor signaling (Chandra et al., 2012; Sancak et al., 2010) . The Arl2-PDEd perinuclear membrane delivery system is therefore a central part common to different cycles that regulate the spatial organization of farnesylated Ras family proteins. Without the localized activity of the Arl2-PDEd delivery system, high-affinity trapping at a compartment is not sufficient to generate PM enrichment. For KRas, we verified by simulation that the absence of perinuclear release results in solubilized or endomembranemislocalized KRas ( Figure S7 ). On top of these constitutive cycles that maintain the steadystate localization of KRas, extracellularly triggered signaling can affect its localization by mechanisms such as phosphorylation of S181 by PKC (Bivona et al., 2006) or calmodulin binding to the polybasic stretch in response to elevated Ca 2+ -levels (Fivaz and Meyer, 2005) .
Pharmacological perturbation of the dynamic processes that generate localization inhibits the accumulation of these proteins on their functionally relevant compartment as has been shown for inhibition of PDEd (Zimmermann et al., 2013) as well as inhibition of thioesterases to slow down escape of H-/NRas from endomembranes (Dekker et al., 2010) . These are effective strategies to attenuate oncogenic signaling from Ras. The delineation of the KRas dynamic cycle that maintains it at the PM also points at additional angles to affect oncogenic signaling, such as inhibition of the allosteric Arl2-PDEd release mechanism as well as charge asymmetry of the RE-bilayer or the vesicular transport of recycling.
EXPERIMENTAL PROCEDURES
Fluorescence microscopy and molecular and cell biological procedures with related data analysis are detailed in the Supplemental Information.
Cellular Automata Simulation
In cellular automata, space is discretized in cubic voxels of equal size, and the simulation progresses in time steps Dt of identical duration. For each voxel, the concentration of species (e.g., cytosolic KRas, PM-bound KRas or PDEd) is stored as a floating-point value. Interaction and conversion between species is computed by difference-equations at each time step for each voxel. These equations represent the zero-, first-and second-order rate reactions and conserve the total concentration of protein within the simulated cell. Diffusion is calculated in a separate step, analogous to the operator-splitting approach in solving partial differential equations in the following manner: a static list per species of neighboring voxels connected to each individual voxel is precalculated before each simulation. To achieve a smooth distribution of diffusion radii in an even lattice with discrete distances between the voxels, these distances are randomized in a stochastic-lattice approach. Diffusion is then approximated by averaging the concentration of each voxel over its neighborhood per time step. Thus, the smallest possible diffusion coefficient represents the neighborhood of next neighbors, while the largest diffusion coefficient encompasses the complete cell. By adjusting the voxel size and the time step, any combination of diffusion coefficients spanning orders of magnitude can be simultaneously simulated, e.g., diffusion of transmembrane and cytosolic proteins. Each voxel is ''tagged'' to belong to a specific compartment and the neighborhood lists are restricted to link only voxels with matching compartments. In this manner, the species of PM-bound KRas can, for example, solely diffuse among PM-tagged voxels. In the data-fitting simulations the cellular interior is treated as a homogeneous compartment with an average interior diffusion coefficient. In contrast, the informative simulations shown in Figures  2D, 3D , and 7 differentiate between an endomembrane-bound and cytosolic KRas fractions. These simulations were performed in a template 3D cell consisting of PM (5% of all voxels), endomembranes (65%), the nucleus (23%), and cytosol (7%). While these 7% of voxels are exclusively cytosolic, all voxels contain the cytosolic fractions and cytosolic diffusion via connected neighborhoods links all voxels. In contrast, diffusion of the endomembrane-bound fraction is restricted to endomembrane-tagged voxels. For the endomembrane-tagged voxels, asymmetric lists of neighbors (voxel A is neighbor to B, but not B to A) arise from varying the diffusion radii for each voxel and result in local modulation of the diffusion coefficient. As a consequence, an inhomogeneous distribution of concentrations emerges from homogeneous initial conditions solely by diffusion without any interaction. We use this to approximate the inhomogeneous endomembrane density of the endoplasmic reticulum. This visualization of endomembranes resembles confocal micrographs, but does not impact partitioning or partitioning kinetics when compared to a homogeneous endomembrane density. The informative simulations also distinguish the two processes of PM off rate: spontaneous dissociation and vesiculation. This vesiculation is approximated by subtracting a fraction of PM-bound KRas from all PM-tagged voxels and distributing that fraction to the endomembrane-tagged voxels after a delay of n = 10 simulation time steps. Varying n does not significantly change partitioning. Vesicular recycling from the RE is resolved analogously by distributing a fraction of all RE-bound KRas to the PM after a delay.
Extended Experimental Procedures are provided in the Supplemental Information. 
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental
